Introduction
The corona-Kelvin based technique has been used as a non-contact, preparation free replacement of MOS and Schottky barrier capacitancevoltage (CV) measurements. It allows quantication of dielectric and interface properties such as dielectric capacitance and electrical thickness [14] , density of interface states [24] , and leakage across the dielectric [26] . Traditionally, a large spot corona-Kelvin approach is applied to unpatterned monitor wafers with blanket dielectric layers [2, 4, 5] . A miniaturization of both the Kelvin probe and corona deposition area has been introduced that extended the corona-Kelvin metrology to small spot measurements on product (i.e. patterned) silicon IC wafers and specically to scribe-line test sites, which are 100 µm × 100 µm or smaller [4, 7] . Modied Kelvin force microscopy (KFM) with a probe of about 10 µm is used for surface potential measurements while the corona deposition diameter is reduced below 100 µm by employing a small aperture corona gun with electrostatic ion focusing [7] .
In large spot corona-Kelvin measurements the surface potential is stable after corona charge deposition providing that the leakage current across dielectric is small enough not to neutralize the corona charge. As the corona deposition area is reduced below 100 µm, the surface potential on some dielectrics begins to exhibit a characteristic time decay (Fig. 1) that is related to a dierent phenomenon. Our work demonstrates that the origin of this potential decay is the lateral diusion of corona ions away from the center of deposition. We analyze the rate of potential decay as a two-dimensional diusion mechanism.
In this paper we present results of ionic diusion on two types of SiO 2 surfaces, i.e. the surface after thermal oxidation and the surface after chemical cleaning. The experimental surface potential distribution proles are analyzed using fundamental and modied solutions to the diusion equation. A modied solution accounts for a non δ-function initial corona distribution. Lastly, an exact mathematical solution is presented. We demonstrate that the analysis of the surface potential decay yields two important parameters: capacitance equivalent thickness of the dielectric, CET, and diusion coecient of corona ions on the dielectric surface.
2. Experimental 2.1. Sample preparation P -type silicon wafers with a nominal 100 Å thermal SiO 2 layer were used in this study. Wafer resistivity was 812 Ωcm. One wafer was measured without additional surface treatment. The other was treated in SC1 solution (Standard Clean 1, NH 4 OH : H 2 O 2 : H 2 O = 1 : 1 : 5 at 80
• C for 10 min) followed by a DI water rinse. SC1 cleaning is commonly used in silicon IC processing and is known to produce an OH terminated SiO 2 surface [8, 9] . (997) 2.2. Measurement apparatus 2.2.1. Deposition of corona ions Corona ions are generated by a corona discharge in air under atmospheric pressure. The corona apparatus consists of a point electrode in a charge conning cylinder. A high potential of 3 to 10 kV is applied to the point electrode. A wafer is placed on a grounded chuck and a 500 µm aperture is placed between the electrode and the wafer to control the area of corona charge deposition. Corona apparatus is schematically shown in Fig. 1 . Positive ions, (H 2 O) + n , are generated under positive bias conditions, and negative ions, CO − 3 , are generated under negative bias conditions [10, 11] .
A corona charge diameter of ≈ 80 µm was achieved using electrostatic focusing, i.e. by application of ion repelling bias voltage to the aperture, see the inset in Fig. 1 
Measurements of surface potential
Kelvin force microscopy (KFM) is used for surface potential measurements. A probe of 10 µm diameter enables measurements of surface potential distribution with high spatial resolution. The probe operates at a resonance frequency range above 100 kHz, enabling fast response time. Measurement accuracy below 0.5 mV is achieved at a probe to surface distance of 1 µm. KFM measurements were done on a FAaST 300 SL system [17] .
The surface potential is measured before and after deposition of the corona charge. The change in surface potential is related to the surface density of ions as
where q is the elementary charge, r is the distance from the center of the corona deposition area, N (r, t) is the concentration of ions on dielectric surface [cm −2 ], C is the capacitance per unit surface area [F cm −2 ], and ∆V CPD (r, t) is the change in the surface potential with respect to the value before corona charging [V] . For an oxide/semiconductor interface, the total capacitance includes capacitance of the dielectric layer C diel and the capacitance of semiconductor space charge layer C SC [18] :
SC . Under surface accumulation or inversion conditions C SC C diel and therefore the capacitance is approximately equal to the dielectric capacitance, C diel . Capacitance of the space charge layer is also increased for highly doped wafers and by illuminating the sample with high intensity light [2] . For example, capacitance of a 100 Å SiO 2 dielectric is ≈ 0.35 µF/cm 2 and the conditions C SC C diel is satised when silicon surface potential is < −0.2 V (deep accumulation) or > 0.8 V (strong inversion). Therefore measuring under strong illumination conditions is important to minimize contribution of C SC to the total capacitance. In the analysis that follows, we approximate C ≈ C diel .
Theory and calculation
The ion density N (r, θ, z, t) spreads according to the diusion equation
The vertical component of diusion is negligible and the phenomenon is modeled as radially symmetric. The governing equation
The solution depends on initial conditions, i.e. initial ion distribution and dose. We will discuss three cases below.
Fundamental solution
For an initial δ-function distribution the solution has a Gaussian form
where N 0 is the initial dose of corona ions, r is the radius from the center of ion deposition, t is the time after ion deposition, and D is the surface diusion coecient. The change of the surface potential distribution is described by
Fitting the experimental surface potential distribution to Eq. (4) enables extraction of the diusion coecient, D. Moreover, knowledge of the dielectric capacitance, C diel , and initial ion dose, N 0 , is not required for diusion coecient calculation if only the exponential term in Eq. (4) is considered.
Modied Gaussian distribution
A modied solution is proposed to account for a non δ-function initial distribution. If the initial distribution can be approximated by a Gaussian distribution, then a modied solution is
Justication for the modied solution is as follows: at time t = τ the δ-function will look like the initial surface potential distribution. So the solution ∆V CPD (r, t) can be approximated as a fundamental solution (Eq. (4)) starting τ seconds earlier. This is shown schematically in Fig. 2 . Parameter τ can be determined from the time dependence of the pre-exponential term in Eq. (5).
Exact solution to 2D diusion equation
Deposition of corona ions results in a uniform distribution over a circle of radius R = 40 µm. The wafer diameter is 300 mm, i.e. much larger than the diameter of the corona ion deposition area. It can be taken as innitely remote for the duration of diusion. The initial ion density produces the initial surface charge density Q 0 = q × N 0 . R and N 0 are determined by the charging conditions.
The solution to the diusion Eq. (2) satisfying the initial condition is given by USFKAD [19] :
The voltage dependence at r = 0 can be described as (Appendix A):
where N ∞ = N (0, ∞) is the ion density at time t = ∞, h is the thickness of the dielectric layer, R is the radius of initial corona charge deposition circle. From Eq. (7) it follows that the plot of t × ln(−t 2V (t)) versus t, dened as a Snider plot, should be a straight line (Appendix A):
(8) The slope and intercept can be estimated by linear regression, enabling the extraction of D and h:
4. Results and discussion Figure 5 shows tting of ∆V (0, t) to 1/(t + τ ) for SC1 cleaned and thermal SiO 2 surfaces. Table I summarizes τ values Diusion coecients calculated from the fundamental solution show a characteristic time dependence. This is due to the simplied assumption of the initial δ-function corona ion distribution. It can be seen (Figs. 6, 7 ) that for longer times the calculated diusion coecient saturates and approaches values obtained from the modied solution. This is expected since for longer times t τ and therefore Eqs. (4) and (5) should give a similar dif- fusion coecient. We note that for the SC1 cleaned SiO 2 surface parameter τ is less than 0.2 h (Table I) while the change of surface potential distribution is monitored for 2 h (Figs. 3a, 4a) . The condition t τ is satised and indeed diusion coecients obtained from the fundamental and modied solutions show approximately the same values.
On the thermal SiO 2 surface, parameter τ is 74 h and 482 h for diusion of positive and negative corona ions respectively, while the change of surface potential distribution is monitored for up to 300 h. The longest measurement time is less than 2 × τ and diusion coecient obtained from the fundamental and modied solutions still shows a dierence. For positive corona ions the difference is ≈ 1.5 times while for the negative corona ions the dierence is ≈ 3 times. Nevertheless, from the fundamental solution the diusion coecient can be obtained by extrapolation to time t = ∞. Diusion coecients obtained from the fundamental and modied solutions are summarized in Table II . Ionic diusion on the SC1 treated SiO 2 surface is much faster than that on SiO 2 after thermal processing. We observed more than 2 orders of magnitude increase in the diusion coecient on the SC1 treated surface. (5))
The diusion coecient for (H 2 O) + n is higher than that for CO Lastly, the simplifying assumption of the initial δ-function distribution is justied by the ease of the experimental data analysis and from the fact that for longer times ions spread over a distance much larger than the initial corona distribution, and therefore the initial corona distribution can be well approximated by the δ-function.
Diusion coecient and CET
from the exact solution Solution of diusion Eq. (2) using USFKAD predicts that the plot of t × ln(−t 2V (t)) versus t, dened as a Snider plot, should be a straight line. Data for SC1 cleaned and thermal SiO 2 surfaces are shown in Fig. 8 . Let us note the excellent linearity of the data. R 2 of the linear t is > 0.997 for all cases (Table III) . The diusion coecient and CET are calculated using the intercept and slope of the linear t (Eqs. (9), (10)) and the results are summarized in Table III . Initial conditions include the radius of the corona deposition area, R, and the initial ion density, N 0 . From Eqs. (9) and (10) it follows that the calculation of diusion coecient only depends on the radius R, while the calculation of CET only depends on N 0 . This simplies the experimental setup: if one is interested in a diusion coecient, then only the radius of the initial corona deposition area must be known; if one is interested in a CET parameter, then only the initial corona dose must be known/calibrated.
CET calculated for the thermal and SC1 cleaned SiO 2 surface shows good agreement with the nominal dielectric thickness of 100 Å. The small dierence observed for positive and negative bias conditions is attributed to the contribution of the silicon space charge layer, while the dierence between the SC1 cleaned and thermal SiO 2 surfaces is attributed to slight etching of SiO 2 by SC1 solution [20, 21] .
The diusion coecient obtained from the solution of the 2D diusion equation shows good agreement with the data obtained from the analysis of voltage distribution proles using the fundamental and modied solutions.
Conclusions
We have presented a method to quantify ion surface diusion coecients on dielectric surfaces. The ions are deposited onto the dielectric surface by small spot corona charging and the charge prole is measured as a function of time by the Kelvin force microscopy measurement of the surface voltage.
We found that for both positive, (H 2 O) + n , and negative, CO − 3 , ionic species the concentration prole versus time follows two-dimensional surface diusion enabling calculation of the corresponding surface diusion coecients. We have analyzed experimental data using three approaches, which were dierent by assumption of initial ion distribution, namely, fundamental, modied, and exact solutions. Diusion coecients calculated using each approach show good agreement with each other. These coecients are dierent for as grown oxide and chemically cleaned SiO 2 surfaces. On a thermally grown SiO 2 surface, the diusion coecients of (H 2 O) + n and CO − 3 ions were 2.2 × 10 −11 cm 2 /s and 4.8 × 10 −12 cm 2 /s, respectively. On a chemically cleaned SiO 2 surface, the diusion coecients of (H 2 O) + n and CO − 3 ions were 7.5 × 10 −9 cm 2 /s and 2.4 × 10 −9 cm 2 /s, respectively. The exact solution yields an addition parameter dielectric thickness, CET. The CET calculation depends only on the initial corona dose, while diusion coecient calculation depends only on the radius of corona deposition area.
The present ndings are of importance for fundamental understanding of the corona-Kelvin measurements on small test sites below 100 µm that are used in silicon IC manufacturing. The method can be expanded to dielectric surfaces other than SiO 2 .
2D diusion equation is
Relation between ion density and surface potential is
A.2. Solution
Solution to the diusion Eq. (A1) satisfying the initial conditions is given by USFKAD [19] :
where J and J 1 are the Bessel functions of the rst kind of orders zero and one, respectively. At r = 0, i.e. in the center of corona ion deposition, the charge density simplies to
Integration by parts produces an equivalent expression 
enabling the calculation of h from the data. When ε = ε(SiO 2 ) the calculated thickness corresponds to capacitance equivalent thickness, CET.
